Abstract Introduction: Biomechanical assessment of trabecular bone microarchitecture contributes to the evaluation of fractures risk associated with osteoporosis and plays a crucial role in planning preventive strategies. One of the most widely clinical technics used for osteoporosis diagnosis by health professionals is bone dual-energy X-ray absorptiometry (DEXA). However, doubts about its accuracy motivate the introduction of congruent technical analysis such as calcaneal ultrasonometry (Quantitative Ultrasonometry -QUS). Methods: Correlations between Bone Quality Index (BQI), determined by calcaneal ultrasonometry of thirty (30) individuals classified as normal, osteopenic and osteoporotic, and elastic modulus (E) and ultimate compressive strength (UCS) from axial compression tests of ninety (90) proof bodies from human vertebrae trabecular bone, which were extracted from cadavers in the twelfth thoracic region (T 12 ), first and fourth lumbar (L 1 and L 4 ). Results: Analysis of variance (ANOVA) showed significant differences for E (p = 0.001), for UCS (p = 0.0001) and BQI. Spearman's rank correlation coefficient (rho) between BQI and E (r = 0.499) and BQI and UCS (r = 0.508) were moderate. Discussion: Calcaneal ultrasonometry technique allowed a moderate estimate of bone mechanical strength and fracture risk associated with osteoporosis in human vertebrae.
Introduction
Osteoporosis is defined as a metabolic bone disorder and skeletal disease characterized by low bone mass and microarchitectural deterioration. It generally occurs in women, at the menopause age (usually over 50) attributed to declining levels of estrogen and in men (usually over age 70) by testosterone or estradiol deficiency (Ebeling, 2008; Society..., 2014) . Osteoporosis is characterized by a progressive loss of bone mass, increased porosity, deterioration of microarchitecture, cracks, degradation of collagen fibers and unbalance in reabsorption and bone formation rates. Specifically in trabeculae there is a reduction of number, thickness and connectivity and shape deterioration from plate to rod format (National..., 2014; Parfitt et al., 1987) . These factors, combined or isolated, causes lower resistance which entails higher fracture risk with little or without trauma, mainly in trabecular bone from regions of femoral neck and vertebrae (Hernlund et al., 2013) , increasing morbidity and mortality .
Trabecular bone, from Latin trabeculae which means "small beam", is considered a composite, viscoelastic, heterogeneous and anisotropic material (Cauley et al., 2010; Doblaré et al., 2004) . It presents a complex structure Axial compressive strength of human vertebrae trabecular bones classified as normal, osteopenic and osteoporotic by quantitative ultrasonometry of calcaneus Reinaldo Cesar 1 with irregular organization, which is dependent on the applied mechanical stress (Cesar et al., 2013) .
Bone mineral density (BMD) (measured in g/cm 2 ) evaluated by dual-energy X-ray absorptiometry (DEXA) is the main clinical method (gold standard) for predicting morphometric vertebral fracture in postmenopausal women, however it cannot predict osteoporosis accurately because it evaluates density as the only relevant parameter (Adams, 2013; Watts et al., 2005) .
Quantitative ultrasound (QUS) of calcaneal bone is considered a low-cost technique and a fast exam with absence of ionizing radiation. This technique allows clinical assessment of bone quality from the elastic properties, which vary as function of bone loss (Raum et al., 2014) . The most commonly used parameters are the speed of sound (SOS), broadband ultrasound attenuation (BUA) and bone quality index or "stiffness index" (BQI) (Guglielmi and Terlizzi, 2009) . BQI is a measure that is not necessarily related to the mechanical strength of bone calculated from normalized values of SOS and BUA, BQI = (0.67 x BUA + 0.28 x SOS) -420, based on the average young adults (Liu et al., 2012) and usually expressed as "T-scores" in the same manner as those obtained by DEXA (Shenoy et al., 2014) and classified as normal (> -1), osteopenic (between -1 and -2.5) and osteoporotic (< -2.5) (National..., 2014).
Axial compression tests allow the analysis of the biomechanical behavior of cylindrical or cubic proof bodies of trabecular bone (dry or wet) with standardized dimensions. Axial compression is the most common type of biomechanical loading in the human body due to gravity and allows the characterization of bone quality by the analysis of the elastic modulus (E) and ultimate compressive strength (UCS) associated with osteoporosis (Roux et al., 2010) .
The hypothesis of this study is the existence of correlations and significant differences between trabecular bone analyzed by different characterization techniques, among which: BQI values, QUS and mechanical properties. Hence, 30 Brazilian individuals (human cadavers) were classified as normal (considered healthy), osteopenic and osteoporotic by QUS from the calcaneus of which also was performed BQI values, followed respective extraction of 90 proof bodies of vertebral regions T12, L1 and L4 for axial compression to obtain E and UCS.
Methods
Vertebral segments of human cadavers were extracted from the thoracic region 10 (T 10 ) to 5 lumbar (L 5 ), according to the procedures approved by the Research Protocol nº 408/11 of the Research Ethics Committee of the Medical School of the University of São Paulo (CEP-USP) and regulations established by the Capital Deaths Checking Service (SVOC) of the University of São Paulo. The vertebrae of the regions T 12 and L 1 were chosen because they have a higher rate of fractures and the L 4 has a better distribution of trabeculae and axial alignment to the cranial-caudal axis in the vertebral body (Suzuki, 2009) . The minimum number of samples (N = 8.64) was determined as a function of the quantitative variables for an infinite population (Fontelles et al., 2010) and is defined by Equation 1.
were, /2 Z α : critical value for the desired degree of confidence (usually: 1.96 (95%); SD: standard deviation of the average; and SE: standard error of the average (SD = 1.80 MPa, SE = 1.2 MPa, according to Rodrigues (2004) . The adopted sample size was ten (N = 10) for each group: normal, osteopenic and osteoporotic, totalizing thirty (30) subjects. Cadavers were selected with known cause of death, 12 hours after death interval, over 21 years of age and excluded if diagnosed with infectious diseases, trauma history, deformities, cancer, injuries, deformations, excessive feet fatty tissue layers or signs of surgeries on the thoracic-lumbar region.
Calcaneus QUS measurements were performed by the Aquilles Insight ultrasonometry equipment (GE MEDICAL SYSTEMS LUNAR  ) three (03) times on the left and right foot each, taking the general average between them.
Extraction of vertebral segments was made with the cadavers in the dorsal decubitus position and the vertebrae interest location (from T10 to L5) was set apart by inserting a surgical needle in the adjacent intervertebral discs. Appropriate surgical tools were used for dissection and separation of the vertebrae from the discs and immediately stored in a commercial chest freezer at -20 °C. Samples were extracted using a trephine drill, with an internal diameter of 10 mm and at low speed (bench drilling machine) (Figure 1a ) in order to avoid excessive heat, crushing or shearing of trabeculae during trephine penetration in the axial direction. The upper and lower surfaces of the cylindrical samples were cut with a diamond disk orthogonally to obtain parallelism and achieve the specimen standardized dimensions of 20 mm of height (Figure 1b) . Most of bone marrow was removed (Figure 1c ) by physiological saline application (sodium chloride 0.9%) and stored in an amber vial (for protection against light degradation) in freezing temperature (4 °C).
The obtained specimens (20x10 mm) were immersed in saline solution and kept at room temperature (21 °C) for 1 hour before the analysis in a Universal Testing Machine equipped with a 981 N load cell (KRATOS, model K5002, Cotia-Brasil), shown in Figure 2 .
The tests were performed at the Biomechanics Laboratory (LIM 41)/Institute of Orthopedics and Traumatology (IOT-HCFMUSP), São Paulo, Brazil. Due to the inexistence of a specific rule in the American Society for Testing and Materials (2016) for compression tests on trabecular bone, compression was performed at the lowest rate (5 mm/min) to minimize experimental errors.
Levene and Brown-Forsythe tests for Homogeneity of Variances (HOV) assumption showed no significance (p > 0.05) and then ANOVA analysis of variance (5% significance level) was performed to compare the mechanical parameters E, UCS and BQI, according to the classification done by calcaneus ultrasonometry (normal, osteopenic and osteoporotic). When the difference was significant, Tukey Kramer HSD multiple comparison test was used. Spearman's rank correlation coefficient (denoted by ρ or rho) was calculated for analysis of independent non-parametric parameters. A linear correspondence was adopted when the correlation coefficient (r) was equal or greater than the critical value (rc) (Fontelles et al., 2010) , given by Equation 2. 
Results
The results of descriptive statistics (mean -M, standard deviation -SD, minimum value -Min, maximum value -Max), ANOVA analysis, multiple comparisons by Tukey Kramer HSD of the bone quality index (BQI) of 30 individuals and mechanical properties (E) and (UCS) of 90 proof bodies of trabecular bone proportionally distributed by regions T 12 , L 1 and L 4 of 30 vertebral segments (30 human cadavers), are presented in the Tables 1, 2. Table 3 shows the values of the respective Spearman's correlations coefficients of the parameters Age, BQI, E and UCS. 
Discussion
Mean values (Table 1) of Age of individuals (human cadavers) on the vertebral segments (T 12 , L 1 and L 4 ) were smaller in the normal group, intermediate in osteopenic and higher in osteoporotic, while BQI, E and UCS were higher in the normal group, intermediate in osteopenic and lower in osteoporotic. Mean values of E showed a reduction of 51.654 % of the osteoporotic group compared to the normal and UCS a reduction of 58.414 %.
ANOVA (Table 2 ) showed significant differences in the parameters Age, E and UCS, extremely significant for BQI. Multiple comparisons by Tukey Kramer HSD showed significant differences in the E (Normal/Osteopenic and Normal/Osteoporotic) (p = 0.018 and p = 0.010) and UCS (Normal/Osteopenic), very significant differences in the Age (Normal/Osteoporotic), BQI (Osteopenic/Osteoporotic) and UCS (Normal/Osteoporotic) and extremely significant differences in the BQI (Normal/Osteopenic and Normal/Osteoporotic). However, ANOVA analysis showed the same significant difference between those groups. Multiple comparisons procedures by Tukey-Kramer (HSD) set out UCS as the most significant difference between normal and osteoporotic groups. This result can be justified due to the higher mineral density and trabecular bone strength of calcaneus in healthy subjects. One hypothesis for the lesser significant differences between osteopenics and osteoporotics groups with respect to E and UCS is the inaccuracy of QUS in defining the transition point. BQI parameters (Table 3) showed moderate inversely proportional correlations with Age and directly proportional correlations with E and UCS. The elastic modulus (E) also presented moderate inversely proportional correlations with Age, even superior to those of BQI, yet there was no significant correlations with UCS, which in turn was highly inversely correlated with Age.
These results indicate that the complementary use of calcaneal ultrasonometry technique in the therapeutic evaluation of mechanical strength (trabecular bone quality) and fracture risk of human vertebrae is associated with osteoporosis. However useful, it is not a substitute method to the bone densitometry (DEXA) of human vertebrae, which is the gold standard clinical reference, but a relevant additional clinical examination.
The hypothesis was confirmed, moderate Spearman's rank correlation coefficients were identified between the results of bone quality index ("stiffness index" -BQI) determined by calcaneal ultrasonometry and the age of the individuals, elastic modulus (E) and the ultimate compressive strength (UCS) evaluated by axial compression tests of human vertebrae (cadavers).
